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CONVERSION EFFICIENCY IN THE PRODUCTION OF 
SULFURIC ACID BY THJ£ CONTACT PROCTSO 
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The catalysts now need In the nrniufao ture of sul- 
furic acid from sulfur dioxide by the contact process are 
either vanadium oxide or finely divided pi at 1mm deposited 
on a suitable carrier* Huaeroua investigators have studied 
the catalytic oxidation of sulfur dioxide with the objective 
of fornulating equations to represent the re rot Ion rate. 

The noot recent contribution is the set of theoretical equa- 
tions of Uyehar* and Watson 3,0 , who have correlated the data 
of Lerrls and Hies® by on expression based on the theory of 
activated adsorption presented by Hougen and Watson®. This 
equation fits the erperinental data of Lewis and Fdos as 
well as their own empirical equation* and is here used in 
making comparisons of conversion efficiencies with varying 
load rates. 

CONTACT HOCE8S 

The basic reaction for coonerclal production of 
sulfurlo acid by heterogeneous catalysis is credited to 
Peregrine Phillips, who was issued a British patent in 1831 
for the oxidation of sulfur dioxide by passing a mixture of 
sulfur dioxide and air through a hot platinum tube 3 . There 
was no really cownerolal application of the contact process 



for a long tine after this, The chemical and engineering 
conditions for practical application of the contact process 
had not developed, the ©dieting chamber process was ade- 
quate to supply the dsnand for add of ordinary concentra- 
tion, end there was very little demand for fuming sulfuric 
acid, 

Th® discovery of synthetic, methods for making 
alixarin from anthr&qulnone, in 1870* created a very active 
demand for fining sulfuric acid. Since the manufacture of 
fueling acid from chamber acid la expenolvo and Inefficient, 
t l e new demand resulted in renewed interest in th© contact 
prooceo. Partly because of the erroneous theory of ^inkier 
fust the reaction gases should bo used in stoichiometric 
proportions, progress wa© very alow, Gradually, however, 
successful contact processes mere developed. The early 
development wao In Gernnny. and most of th© early work was 
done by Badisohe Anllln-und Qoda-Fabrlk. For a long tin© 
Ui© operating conditions were kept confidential; about 1000 
th© essential features of the process were disclosed and 
patents covering them were Issued. Until 1^27 the only 
practicable commercial processes uaad platinum as catalyat; 
in 102? the use of vanadium in the nor* exchangeable nucleus 
of non-oiliccoua base-* exchange carriers developed by Jaeger 
and his associates was introduced to th© commercial field. 

The most successful platinum ontalysts have been 
those carried on suonorts such a* asbestos fiber, magnesium 



eulf&te, and eiiioa gel. theae different tynes having be- 
come more or less identified with the particular prooees 
in which they are employed. The preparation of thee© cata- 
lysts, although olnple In principle, la In practice some- 
thing of on art. The process involves the wetting of the 
carrier with a solution of a platinum salt, usually platinio 
chloride and then reducing the salt to metallic platinum. 
With platinized m&fnesiua sulfate and platinized asbestos, 
about 0 to 0 troy ounces of platinum per daily ton of sul- 
furic acid are required^. This corresponds to a concentra- 
tion of platinum of about o,l to 0,3 per cent in the raagj- 
neolun sulfate mass as compared to 6 to 10 per cent of the 
weight in the asbestos catalyst. 

Although the use of venudiwi catalysts for the 
oxidation of sulfur dioxide was suggested as early as 1805, 
it was not until about 1<">27 that the Introduction of Jaeger’ 
im roved catalysts placed vanadisw masses in & position to 
compete commercially with the platinum catalysts. The 
vanadium masses are prepared by the deposition of salt* of 
v nadiur pentoxide cn a carrier sueh a© Kieeelruhr 3 . The 
activity of the oerareretal catalyst® io usually greatly in- 
creased ^ by the addition of "promoters** such as potassium, 
CRloivr., and barium oesroounde. The »eoh?mi*n of the oxi- 
dation reaction on these catalysts nresussebly involves the 
reduction of the venadiura to one of the lower oxides and 
the later re- oxidation to the pent-oxide. 
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In the operation of any CGEraerolrl process the 
no at lmortant factors *fiioh the engineer oan control era 
temper* ture, p^gtsur®, ratio of reactants, oatalyat anti 
tin* of contact, These controllable factor* nay affeot 
either the equilibrium or the reaction rate. Temperature, 
pressure, anti ratio of reactants my affeot both the equil- 
ibrium anfl the rate of reaction; a catalyst can affect only 
the rate at which equilibrium is established. In determining 
the on tit m operating condition's for a reaction It la 
necessary to analyse the problem both from a viewpoint of 
equilibrium yield and reaction velocity. 

Equilibrium yield can be computed from the familiar 
mass aotion relatione. The reaction under consideration nay 
be represented by the chemlo&l equation: 

a0 2 -f 1/2 0 S - SO s 

The general naae-aotlon equation for this reaction is: 

p 30^ ! $ 

In the confutation of the equlllbriue yield or ? a montage 
corrrer'ion of OCg to SO3 the following 'symbols arc uoed: 

— Kolos of ®Cg in original mixture, 
b m 'ole a of 0 2 in original tsixture. 

0 * Holes of Ng in original mixture, 
x M faction cf 0.-> In or! Inal alxtiu* con- 
verted to CO3 when equilibrium is reached. 
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The expression for the law of mass action nay now be written 
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This -Ivos on ©xprecaion for equilibrium conversion as a 
function of tewnerature and Initial gas composition. If we 
specif y the analysis of the original mixture - T © c« compute? 
the equilibria* eenversion at any desired temer&ture* 
Figure (X) has been prepared fron Equation Cl) for three 
different gas mixtures. It Indicates the theoretical per- 
centage oenreraion that would bo obtained if equilibria 



•■•••re established In the system at the various temperatures. 
In ooreerclal practice complete equilibrium la very seldon 
ohieved because the length of tine required for equili- 
brium to be reaahsd would require equipment of prohibitive 
•ire. However, even r?hen the reaction does not proceed to 
equilibrium in the available contact tine, the operation 
nay be commercially feasible If the approach to equilibrium 
is raold. 

any of the factors Influencing the equilibrium 
conversion also play an Important role in determining the 
reaction rate. Bocctlneo a change that increases the rate 

of reaction reduces the extent of the o on vers Ion. For ex- 

* 

ample, while the equilibrium conversion decreases from 
9°, 2 per oent at 4T^° C. to 93,0 per cent at 600° G.» the 
reaction rate at the hl$wr temperature is approximately 
forty tines that at the lower temperature®. 

The oxidation of sulfur dioxide is a reaction 
the rate of which am be greatly increased by the presence 
of a catalyst - usually either finely divided platinum or 
vanadium oxide. To arrive at a basis for equipment design, 
many investigators have studied this reaction with the pur- 
pose of formulating a mathematical expression for reaction 
rates. 

The oxidation of sulfur dioxide on platinum cata- 
lysts has been extensively investigated by Bo&enstein and 






‘ink •, Xnietsoh , cad Taylor and LerJwr\ .ttospts have 



been r. Ae by tha .50 worker® to correlate the remiX t* '07 **. 



iricai aquations* As a result of experiments carried out 



t 0 on.* jnt volume Teyler and Lenher proposed rm equation 
of the fowl 
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in which "x** represent* the ©res sure chengs in tine, "t ; 

^a'' is th® o-gr^en pi^s*u-« t the beginning of the *xo*ri~ 

* * 

ten tel run sinus the oxygen pressure «t equilibrium, *nd 
5 e w is one-half the sulfur trioxide pressure at tho start 
of the run, 

f-rosvonor and ?! lilUrs^ the following 

symbols in applying Equation (g) to conditions of constant 
pr'onirs and expressing quantities as soles per 100 ooleo 
•:f original unori dined §as containing no sulfur trlexldet 
K «* hoi 03 of GOj at eny instant, 

X Q « -ale© of 00g in original mix ter*. 

Kolee of S0 2 at equilibrium. 

*" Total number of noles of g».s at the Instant, 
0 *» A factor to convert the me rare units of 
Taylor and Lenher into roles per 10* moles 
of original gas. 

k *• OK «* ‘♦activity" of oataly. %, 

-ub titetlen of tho above nomenclature into Jqu» tion (2) 

jroduoss 



( 3 ) 



in t© ^ration bet* ■ t. 11. Its for th® mol* ® of eul- 

fur dioxide preaunt and t. . ting the tots! nuu^r of nolca 
of as a constant: at Its .v^rage value, m , giv-s 



-xoept for the most critical work Zj, »ay be assumed to be 
100, since the ctienge In volume la relatively saull. ibis 
equation ha. been reeooaaendeu by Grosvenor and Phillips for 
computing approximate partial conversion obtained &» a (f&s 
passes .\ico&s .Ivaly through several parts of a commercial 
converter. 

if no sulfur trioxide is present In the initial 

l* J 

gas mixture, sinoe (X^ - Xj) «. 0, Equation (4) elm . Ilf lea to 



^he converting power of different catalysts nay be evaluated 
in terns of a standard by this equation. ! edification of 
conversion by variations in gas ccrsnoaitton and flow rates 
can nlro be predicted. Such computations are faolllt ted 
by the construction of curves correlating the difference be- 
tween equilibrium conversion and the obtained conversion 
1th the "tine activity* produo t, Kt, for a given tempera- 
ture. however, computations with the above equations assume 
iso thermal conversion; in root aotual units the conversion 
is effected in adiabatic steps. edifications must be intro- 
duced to nake the equations apply to adiabatic conditions. 
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oreover, tlae above expressions nre based on experimental 
observations uelnc platinum o&talysts; strict applicability 
to other types of catalysts cannot bo assumed, 

in 192V, Lewis and Hies® investigated the re- 
ap tion under conditions which raoro nearly approximated ccr> 
»eroial practice, and attempted to correlate their data by 
m enoirioel equation* More recently, Uyeliara and .'eteeo^ 
have developed a theoretical equation baaed upon the theory 
of activated adsorption which represent® the exrverlnental 
data of Lowie m& Hies as adequately as does the empirical 
relation proposed by them. 

The fomilatlon of any theoretical equation for 
representing the rate of reaction in any chemical change 
must be postulated upon aone nochcnissi for the reaction, 
‘.there are many ooss.erclelly important gas reactions, such 
so the on© in question, which are known to occur More rapids 
ly as heterogeneous processes on the surface of a solid 
catalyst than as a bortsgsntouB gas phase reaction. It hue 
been generally agreed that the primary function of the 
catalyst is to adsorb the reacting molecules and by so doing 
to reduce the activation energy required for the reaction^* 
daorptlon of gases by solids nay fall into one of two types 
depending upon tho nature cf the forces involved; (a) Van 
Ser ^aal * 0 adsorption* In which the forces arc of a physical 
nature,; on?? £b) * Cham 1 e«rp tion ** or activated adsorr tion, 
which involves forces of a nature elrsll&r to those Involved 
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lr. Vitfi ' of chemical bonds. 

The »o*<jbatti«n or reaction, coo erring at t lie surf, oe 
cf a solid c talyat Involve e five rtepsi 

(1) The »Aas transfer of the reactant# from the 
main "body of the gre'.cu® nix turn to the solid 
interface. 

Ht) Mo oration of the read- mte on the surf oe of 
the catalyst. 

(3) ‘eaotlon cn the surface of the catalyst to 
fora adsorbed products. 

(4) Desorption of the reaction product!. 

(5) Hass transfer cf the gaseous products fnxi 
the rurfsoo to the bulk of the gas 

I ? any one of the o^nsocutiv© atop* tahea place nuoh nor® 
iD’tly then all of the rest, tho slo*? reaction determines 
h o overall re otion rat«. By analysis of oxoeriment&l 'Jata 
-t is oo^rible to eliminate certain of the possible steps a« 

r# e-daternlnlng In a particular nrooeso. For extasple. if ] 

•> 

•'he o •* transfer of reactant* or, core fundamentally. if 
diffusion r ‘ore tho rate- determining etep. the temer.vture 
coefficient of the re. .otion rate rpuld be of the s-re order 

t 

■■■■ for g&s~ous diffusion. Horevor, epaaeua diffusion rates 
}® • . t v -ry exuonanti lly *'ith tx-r> • nature as do rat*s to 
•. tore ;enecua ohsraioal reactions but in proportion to the 
v^re root of the topper'' ture . 4 

As pointed out by Haugen and tron^, tho rates 
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of these different stops defend upon widely different factor* 
in addition to th® concentration gradients involved. The 
steps involving mass transfer are controlled by the diffus- 
Ivitle® of the particular gases present and the degree cf 
turbulence in the flow system. The steps involving adsorp- 
tion and desorption depend on the character end extent of 
the catalyst surface end the activation energies required 
for the adsorption and desorption of the components involved. 
The actual rate of the stirface reaction depends upon the 
extent and character of the catalytic surface, insofar a* 

It affects the activation energies required for the parti- 
cular reaction. Haugen and Watson have developed theoreti- 
cal rate equations based upon these concepts and on the 
reasonable as function that one of the four steps nay be re- 
garded as rate controlling, end that the other steps are 00 
rapid relative to the controlling rate that equilibrium will 
be reached with resoeot to then. 

Uyehara and r at 0 on io have applied the resulting 
equations to the reaction involving the catalytic oxidation 
of sulfur dioxide on the surface of a platinum catalyst. 

Their line of attack is based on the possibility of four 
rate-determining a tones activated adsorption of sulfur 
dioxide, activated adsorption of oxygen, and desorption of 
the sulfur trioxido. They a sain® that oxygen is atomically 
adsorbed on the catalyst, that ono of the four steps controls 
the rate, and that the remaining steps are relatively 00 
fast that they reach and maintain equilibrium. With these 



assumptions Uyeh&ra end Watson have applied the theoretical 
relations of Hougen and Watson® to yield the following 
equations for each of the possible rate controlling steps: 
Adsorption of sulfur dioxide rate controlling. 
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Adsorption of oxygen rate controlling, similar to above. 
Desorption of sulfur trloxide rate controlling, 
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Surface reaction rate continuing. 
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The symbols are defined as follows: 

r s- reaction rate, moles/unit mass of 
catalyst/ unit tine, 
ss effectiveness factor. 

C ss o\ T erall rate ocnstant. 

T xs temperature degrees Kelvin. 

AH m overall standard enthaloy change. 

FI “ gas law conotant. 

K * overall fluid reaction equilibrium constant, 
w ss proportionality constant relating concen- 
tration change to reaction rate, r. 
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P «53 , etc. « partial pres euro, atmospheres. 

2 

from a qualitative analysis of experimental data 
adsorption of sulfur dioxide as rate-controlling wae elimi- 
nated as a possibility by the fact that the Initial rate of 

oxidation ms Increased by an Increase In partial pressure 

* 

of either sulfur dioxide or oxygen, whereat Equation (6) 
would require that the initial rate of oxidation be reduced 
by the Increased concentration of oxygen. The possibility 
of oxygen adsorption being rate controlling ie eliminated 
similarly, desorption of sulfur trloxlde concentration is 
Indicated by experimental data. Equation (0) for the rate 
of surface reaction wan selected by Uyehara and "’at son eg 
best representing the qualitative trends observed in experi- 
mental data. The nitrogen concentration was Shown by 
Bodonetoln and Finhl to have no effect on the oxidation rate, 
bo that in their find equation Uyehara and tfatcon have 
dropped out all terns Involving the adsorption equilibrium 
constant of nitrogen. By letting 

- ^ ri " , ~ 

.. * t, ■ e- icr " ' CJ * fr\/~ /t' c r r 'U , 

Cm . fc- 

Equation (8) can be written 
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( 9 ) 
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The adsorption constant® are evaluated from experi- 



mental dais. If the concentration of sulfur dioxide Is 
varied while the other concentrations are held constant, a 
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nlot of ^ against F«jq 0 will 

Y* ** , _ 

orodtice & straight line* the «Xcr>« of which it /c^ ; //c c 
By similar plot# correlating partial pressure a of oxygen and 
sulfur trloxlde at the same tenoeroture, tha other constant*, 
/\/c c and KsoJvCi can be evaluated. By 

substituting values of the constants thus found In Equation (0) 
c*. can be evaluated by applying It to each experimental ob- 
servation at the temperature under consideration. 

Experimental data show that Initial oxidation rat© 

Is directly proportional to the first power of the partial 
pressure of sulfur dioxide, and a plot of Equation (0) pro- 
duces a straight line the elope of whloh is almost aero. 

Thus the tern Kpo 0 in the denominator of the rate equa- 
tion is negligible in comparison to the other terns and in 
the final equation is onitted. 

Uyehara and Watson* » final equation tehee the 
following form: 




( 10 ) 



and they reooranend the use of the following constants: 
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Tm quantity vS A 0 for the particular catalyst in 
uss rust bo svaluatad fron experimental observations. By 
•inlaying the above aquation tho value of the combined torn 
r/eK‘.0 can bo ootmrted for any t«ooerature and oomosition 
of gas, (Vlirvee ores on tod in Figure (2) represent such com- 
putations b* a«d on m Initial gas coasrsesitto n of 7.0 per 
cent S0 g , 10.8 par o*nt 0g, and 01.4 per cent Kg. In this 
oftsa the logarithm of <r/w%G) x 10 4 has been plotted against 
the fraction of sulfur dioxide in the original mixture oci> 
verted to sulfur trio ride. 



If the constants w, S&, and 0 have beers evaluated 
for a catalyst- tho u#e cf the rate equation permits the 
determination of the velum© of catalyst required for securing 

a specified conversion at a known rate of feed. A® shewn 

# 

by ? ougen and Ratoon®, in on elementary crocs section of 



cetelyet bed having a volume dV if a conversion AX is pro. 



dreed* it necessarily follows fren the definition of reaction 
rat®, r> that FAX ss rp^dV, where F is the reactor feed 
rate in moles per unit time, X is the stole® of *0o converted 

* &,u 

per nolo in the initial feed, is the bulk density of tho 



catalyst* and V 1 & the volume of the remoter. Ac shewn in 

Figure (IS), r* « f(S) cc that v© have AY *s which 

Pbf(X) 

uj,cn integration give* the velum© of the reactor 

f* 2 
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£ dX/f(X) 
PbJ x x 
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nverslen d«*to « ~e o nr-cniy oppressed In tiras of o c oe 



r> *l'">city. n y , which way bo defined as volumes of fe*d, 
‘•wver * d at standard conditions, ner unit tins per unit 
volu s of cntalyut. Space velocity oan be obtained from 
-qu tlon (11) since 



®V s ss 

Vp t 



pbElf 

^2 



p f JdX/f(X) 



( 12 ) 



where f le the averaf*o nol ocular weight of the reactoi* 
feed end pj. is the density of the feed at standard conditions. 
Evaluation of the Integral nay b® asoompXlshed by graphical 
a* thefts. 



Keen though tins eonstanta w, E A , and 0 have not 
been evaluated for the catalyst in use, the rate equation 
rake a possible the oocoarlson of conversions at different 
flow rates and the prediction of conversions that nay be ex- 
pected for different rates of feed. This merely Involves 

rXm 

the •valuation of the Integral I ftX/fOO under tlj# 

h x 



wo conditions. For example, a gas mixture which contained 
Initially 7.8 per cent 00 2 , 10.8 per cent 0 2 . and 81.4 per 
cent ho has passed tlirough a preliminary converter in which 
conversion has proceeded to the extent of 80 per cent is to 
be introduced into an isothermal converter at 400° 0. for 
final treatment at a rate such that B y equals 000 cubic feet 
per hour per cubic foot of catalyst and leaves the converter 
at a oosnosition corresponding to a conversion of 06 per 
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cent. It is desired to deterrlne the conversion *ilch eouHft 
be expected *ri t'ri the Rp.no oonvortsr if the space velocity 
increased to 1200 cubic foot per hour per ©’»bic foot 
of catalyst. For this type of problem it is convenient to 
plot cumulative values of the integral versus fraction ocr> 
verted, as shorn in Figure (3). Then it lo only necessary 
to read from the chart the desired conversion caxro sponging 
to the value of the Integral . In the ex&nple, letting % 
be the required conversion mi have from Equation {IP,) 



s t= "'^^ oT p o an4 

P - ax/f(x> 

J 0.50 






p f ldX/f(X) 
’ Jo. 60 






Gcrahljwticn of these equations gives 



fX g 

dX/f(X) - 



J 



0.60 



By 

MNW 



/• 0.06 

ax/f(x) 

J 0.60 



e 



Pron curve “A*, figure (Id 



r 0,06 

l dX/f<X) - 72.0 

J 0.60 



and wo 



have 




54 . 0 . 



Again fron Figure (3) wo find that the oonverslon corres- 
ponding'; to this value for the integral 1» 93.8 per cent. 



In an adi»bp.tio converter, the teeners tur*. end 
t'-erefor© the reaction r*te. varies from oolrvt to point* 

!*y th© ft^Ilction of * heet balance* it is possible to op- 
art's a the tenuernture as a faction of th© fraction of st£L- 
fur dioxide converted and further to define the reaction 
rat© as a fimotion of temperature, to illustrate let us 
suppose that a burner gas having 7.8 per cent BOo. 10. 8 per 
cent On, and 01.4 per cent Ho has passed through a prelimi- 
nary converter and that 60 per cent conversion hat re -suited. 
\ft«r cooling, the gau* enters an adiabatic convertor at 
$oo° o. at a apace velocity of 1900 cubic feet per hour per 
cubic fo 't of catalyst and a conversion of OO per ocmt i« 
obtained. It In dorired to determine to what rate the space 
velocity swat be reduced to obtain a conversion of °0 per 
cent, he shall assume e mean heat capacity for the goo mix- 
ture throughout the range of temperature involved of 7.2 graa 
calories uer gram nole per degree C. AH for the reaction 
will be taS'en ac 22 ,&oo gpar> oaleries per mole. In order to 
make the computed values for temperatures corresponding to 
fractions of sulfur dioxide converted fall pnon the iso therms 
revlcusly plotted in Figure ( 2) , conversions required to 
nroduoe tome nature rices. At, of 25. 50, 75 , end X0o° 0 , 
will be confuted. Talcing 100 roles gas nixture containing 
w.0 rer cr*nt 8 Q 0 , 8.85 per cent 0<> f and 81.4 per cent 
we have 

/ 

At * 825C0( x) /( 7. 2) ( 100) on s 720 At/ 22500, 

w ere x is the lumber of moles of CO,, converted in the 



i diabetic reactor. Them the total fraction of OQo con- 
verted in both ^rslirlaoxy and final converter will be 
X A * <3.8 + 7f20 A t/22Bno) /7.8 

bubefcituting; in this equation values for A* we find that 
X A be® 12i9 following valuta at the temperatures indie, ted* 
4m° 0 425 0 C 450° C 475° C 500° C 

X A 0.50 0.G2 0.71 0,01 0,01 

By drawing the broken curve through the laotherraa on 

Figure ( 2 ) corresponding to these points we obtain a curve 

correlating the reaction rate and conversion efficiency for 

the adiabatic conversion. Using this curve as our function 

for the reaction rate vm may again by graphical integration 

pM2 

evaluate the integral I dX/f* (X) for adlabatlo oonditlone 

Jo.ao 

and ns In® been done for the isothermal oaeo plot the ouexi* 
lative values of tin inte-^ral against f motional conversion. 
This appear® as curve W B% Figure (3). From thio curve w© 

find that for a conversion of 00 per cent the integral 

ro.BO 

IdK/f* (X) has a value of 14.3 and the value correspond- 
•'0.50 

Ing to 05 per cent conversion is 10.4. Inserting these 



value 0 In the 



equation 

ro.oo 

dX/f*<X) 

J 0.80 



we have 18.4 — JUS02(x4.3) 

'Hr 





.00 

dX/f* (X) 

o .m 



4 



and the desired space velocity s 







laoo) s 038 uubio feet per hour per cubic foot of 



catalyst. 



£<? 



^ Jk 

r fht increased demand for hl^h strength sulfuric 
acid brought about by the *ynth«*i* of dyestuff* resulted 
in the introduction of a now prose** for the snnufaoture 
cf eulfurte acid involving heterogeneous cntaly#l*. Thar© 
h vo bean constant improvements in the process arising from 
improvements in deaipji end control which had their basis in 
the fun ^mental thermodynamic and bine tie properties of the 
ohenical reaction, nxperir.cn t«l investigation by numerous 
'sorters h<.# produced etsplrlosl and theoretical relation* 
which ciii be used a* ft tool in the design of equipment and 
in determining optimum conditions of operation. Thl* paper 
has illustrated the manner in which reaction rate* con be 
used in predicting conversion in the contact proceea for 
sulfuric aoid production. 



